Biochemical, immunological and epidemiological evidence increasingly support the suggestion that there is a causal relationship between gluten/gliadin and schizophrenia as originally proposed by F. C. Dohan. Furthermore the necessary physiological mechanisms exist to explain a mechanism involving bioactive peptides from these proteins, and these show that this mechanism is possible and probable in at least in a substantial subgroup of schizophrenic patients. Evidence shows a fairly strong genetic disposition, and it must be recognised that any genetic mechanism must implicate altered chemistry and function of proteins. Evidence supports the likelihood that dietary intervention is beneficial for some, and this demands further investigation. A similar conclusion may apply to autism spectrum conditions.
INTRODUCTION
Many studies have shown a genetic disposition for schizophrenia [1] [2] [3] as have studies on children of schizophrenic mothers who have been adopted into other families. [4] . Genetic conditions must of necessity involve chemical changes in proteins which, in turn, cause changes in protein function. Changes in the genome that do not cause changes of protein function are false leads and will not explain the pathogenesis of schizophrenia. Defects of enzyme activity are obvious candidates for dysfunction; but receptors, transport proteins and channel forming proteins should also be regarded as specialized enzymes susceptible to defects. Decreased function in any metabolic pathway will usually cause an increase in the level of prelesion metabolites (Figure 1) . A typical example is phenylketonuria where phenylalanine hydroxylase in the liver has insufficient activity. Phenylalanine levels in blood and cells increase as does the flux along secondary pathways utilising phenylalanine. Reducing the input of phenylalanine prevents the cogntive impairment known as Föllings disorder.
It should also be noted that any restriction in a metabolic pathway may cause changes in flux through apparently unrelated pathways, and hence abnormal levels of metabolites in these pathways. This will be the case in a pathway, altered by genetic and functional abnormality, where coenzymes are involved which also function in other paths, e.g. biopterins which have major roles in several neurotransmitter pathways. Hence, measurement of metabolites in a pathway may give a misleading impression that that pathway is the site of a lesion. It is also important to recognise that regulation of most pathways is implemented at rate-controlling steps: hence, any alteration at other steps in the pathway that interferes with activity, and may make that step a non-physiological rate-limiting step, involves a potentially serious disruption of the normal physiological regulation of that pathway.
Hence, identification of affected pathways and the enzymes (or related proteins) is crucial for explanation of mechanisms, including the genetic basis, of schizophrenia. Further, identification of environmental factors that interact with a genetic predisposition to cause schizophrenia is vital, especially as this potentially can lead to "cure" or, at least, better management of schizophrenia
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This is a simplified view of inhibition of a metabolic pathway where E denotes enzymes. A, B, C, D and P are metabolic intermediates or products in the pathway. A "damaged" (less active or inactive) enzyme at E4 is illustrated as e4. Decreased production of the product P removes the feedback regulation at E1. Hence, initial substrate A and metabolic intermediates B, C and D are increased. In turn the metabolic flux along other pathways available to these intermediates will be increased. Further, any cofactors, especially coenzymes, involved in the pathway or the alternative pathways, will be altered. These will potentially have repercussions in any other (even unrelated) pathways using these cofactors. This emphasises the danger in interpreting unusual levels of particular metabolites as being causal. Reducing the input of substrate A is the basis of treatment of phenylketonuria to prevent the development of Føllings syndrome. In some cases the final product P may also be applied to re-establish feedback inhibition and normal metabolic regulation. even in genetically predisposed people.
Previous evidence, outlined subsequently, makes us focus on diet as a relevant factor in the aetiology of schizophrenia and, hence, in its clinical management. Specifically, evidence points to gluten, the major protein in wheat, and its gliadin peptides, as being relevant in, at least, a sub-set of schizophrenics. While we discuss schizophrenia here, it should be noted that similar preliminary evidence exists for similar mechanisms in the aetiology of autism. It must be stressed that both schizophrenia and autism almost certainly involve multiple aetiologies, and no patient group should be regarded as homogeneous. Studies must look for sub-sets (endophenotypes) among patients which will relate to differing biochemical aetiologies and differing management plans.
To relate to schizophrenia the following conditions must be satisfied:
A: There must be chemical changes that can be measured and defined; B: It must be shown with reasonable probability that removal of the offending source of the accumulated compounds is effective; and C: The patho-physiology of the disease ought to be plausibly explained in terms of known physiological mechanisms.
A. Increase in various compounds found. Various fractions of serum from schizophrenic patients have long been known to induce behavioural changes in animals [5, 6] and also in man [7] . However attempts to characterise the chemical nature of the factor(s) responsible have always failed as these activities were invariably lost during purification. This process mirrors what happens to low molecular weight peptides which bind to proteins and other macromolecules.
We believe that the strong affinity of peptides for each other and other macromolecules especially proteins [8, 9] has been responsible for many relevant peptides being lost during purification protocols. Conditions of pH and ionic strength during pre-analysis preparation markedly affect the attachment of peptides [9] although this does not appear to have been investigated systematically.
It was also found that urine fractions from schizophrenic people could alter behaviour in rats [10] .
These fractions showed increased levels of bioactive peptides [11, 12] and this finding was promptly confirmed by other authors [13] [14] [15] [16] . In particular, opioid activity studied by the tail flick bioassay [11] was found. The fractions also inhibited dopamine uptake in synaptosomes from the striatum, and caused hyperactivity of the dopamine system demonstrated by the Ungerstedt model in vivo [11] .The hyperactivity initially induced in the rats later turned into a catatonic state [11] . Injecting intracranially gliadin derived peptides caused similar behavioural changes to be observed [17] .
Chemical analysis of urinary peptides presents numerous difficulties. However, a reverse-phase (HighPerformance Liquid Chromatography) HPLC method based on that detailed by ourselves [18] proves to be satisfactory, separating hydrophilic molecules from the hydrophobic, (which include short chain peptides): the latter elute in the 2nd half of the chromatographic run [18] Further characterization of the eluted molecules can be provided by on-line mass spectrometry [19] . This has enabled the identification of several exorphin peptides, including casomorphins. Figure 2 shows the HPLC of a control subject and 2B a paranoid schizophrenic (F 20.0).
The presence of pharmacologically active peptides arising in humans during digestion of dietary proteins has attracted remarkably little attention. However Zioudrou et al. [20] produced important data indicating that peptic digestion of gluten could produce small peptides with opioid activity; and they named these "exorphins" because of their similar activity to the endogenous family of endorphins. These peptides have been sequenced, and it is noteworthy that gluten, the major protein in wheat, contains many sequences in its primary structure [21] . Gardner summarised the evidence of Fukudome and Yoshikawa [22, 23] thus: The gluten exorphins have also been sequenced, and it is most striking that one of these sequences A5 (Gly-Tyr-Tyr-Pro-Thr) occurs 15 times in the primary structure of glutenin, a component of gluten. This peptide was reported to be highly specific for for δ-opiate receptors. The most potent gluten exorphin, named B5 by Fukudome and Yoshikawa, was Tyr-GlyGly-Trp-Leu, which has the same 3 N-terminal amino acids as enkephalin, and their potencies against guinea pig ileum are closely similar. A further sequence, TyrPro-Ile-Ser-Leu, named exorphin C, was also active in the classical guinea pig ileum and mouse vas deferens bioassays. It is thus clear that gluten is potentially a very rich source of opioid peptides.
Gardner [24] after searching early protein sequence databases, reported that many proteins contain amino acid sequences corresponding to bioactive peptides. These observations indicate that dietary proteins can yield peptides during digestion which, if not digested further, have the potential to interfere with neural regulation. Because opioid peptides can interfere also with immune processes, the possibility for serious physiological disruption is obvious.
Other authors, notably Brantl et al. [25] , reported that enzymic digestion of casein, the major protein in milk, also could yield a series of opioid peptides which they named "casomorphins" These exorphins could potentially explain the epidemiology of schizophrenia in relation to diet and also many of the symptoms of the disorder [15] . Intravenous injection of β-casomorphin 1-7 in rats induced the same behavioural changes as seen after intra-cranioventricular injection [26] , indicating passage
The peptides have been separated by HPLC on a C18 reverse phase column using (TFA) Trifluoroacetic acid (10mM) and acetonitril gradient as described. [18] . across the blood-brain barrier. Beta-casomorphin 1-7 also caused FOS antigen increase (immediate early gene) in many of the key nuclei involved in schizophrenia [27] , blocked by the opiate antagonist naloxone. Interestingly Lindström et al. [28] had proposed that the symptom-rich diagnosis of post-partum psychosis may be due to casomorphin increase in CSF.
renic patients may share some antibodies but without presenting with celiac disease.
Whether these antibodies are caused by peptides attaching to proteins and acting as epitopes or as conformation-changing factors as found in autism [8, 39] , or if it is the increased uptake of macromolecules directly, remain unanswered. The combined data point to these food proteins being key factors, as suggested by Dohan [40] , who also found antibody increases [41] , and is discussed more extensively elsewhere [42] .
Elevated levels of IgA antibodies to gluten, gliadin, casein and in a few cases lactoglobulin, was found in serum of schizophrenics [29] and points to a potential gutbrain link. Antibodies that may implicate gliadin in schizophrenia have also been reported [30] [31] [32] [33] [34] and also antibodies to casein [35] . Although most cases are not celiac disease [31] , there is a higher than expected frequency of schizophrenia in celiac disorders [36] [37] [38] and schizoph-
EFFECT OF REMOVING PROBABLE CAUSATIVE FOODS FROM THE DIET
In a series of classic studies on schizophrenia in various
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populations Dohan reported on a relationship between wheat consumption and the incidence of schizophrenia [40] , and that where schizophrenia was rare, the intake of grains containing gluten and gliadin was rare [43] . Removal of gluten from the diet was found to shorten hospital stay in relapsed cases [44] and showed a beneficial effect as demonstrated by Singh and Kay [45] . A completely blind study of the chemistry in ten semi-chronic patients on and off diet for 16 weeks gave statistically significant improvements [46] and was confirmed [16] . However, as the measurable anatomical changes in the brain are fastest in the first few years after diagnosis [47] , this was not an ideal group for such a test. Semi-chronic and chronic cases of schizophrenia have evidence of clear decreased volume of several brain areas. Furthermore, it took 28 weeks of gluten-free diet for the urinary peptide pattern to revert to normal [46] . Several negative series of chronic patients over very short times have been reported [48] [49] [50] [51] , but, even so, some individuals in the groups seemed to respond dramatically to dietary change [51] . There are several case reports that show effect of diet [52] [53] [54] ; it is likely that a subgroup of unknown magnitude may belong to a gluten-sensitive subgroup.
While the demonstration by Vlissides, et al. [51] of dramatic improvement in 2 paranoid schizophrenic patients, who had histories of illness of over 18 years and had been hospitalised in a secure institution after multiple criminal acts, lacks statistical power due to the number of subjects and the short duration of the trial of the gluten-free diet, the effects were so dramatic that results should not be discarded. The 2 patients who had initially benefited from dietary intervention regressed badly on reintroduction of gluten-containing foods. However the practical difficulties in conducting such studies are formidable.
Unfortunately our methods for urinary peptide analysis (see below) at the time of that study were not well enough developed to investigate any biochemical features in the responsive patient group. Nor were we able to measure intestinal permeability ("leakiness") in these patients and the suggestion of some effect.
Cade et al. [16] studied a group of 120 schizophrenics, some over many years. Eighty-six per cent of them had high levels of IgA antibodies to gluten. They reported significant improvements in objective psychiatric assessments and major reductions in the peaks in the "peptide and peptide-like" hydrophobic region of urine chromatograms after imposition of a gluten-and casein-free diet. In the same report, they provided evidence of similar benefits of this diet in a group of 70 autistic children, some of whom had been monitored for up to 8 years on the diet. It seems likely that some sub-sets of schizophrenics and some sub-sets on the autistic spectrum share similar metabolic defects. The changes in the chromatographic profiles associated with the diet were dramatic and clearly represent a reduction in more than one or two peptides such as the known exorphins; these findings provide independent corroboration of those reported by Reichelt and colleagues [11].
WOULD THIS EXPLAIN THE PATHOPHYSIOLOGY OF THE DISEASE?
A promising explanation of the symptoms in autism related to an opioid effect has been published [15] and it was interesting that opioid peptide from schizophrenics were linked to hyperactivity, analgesia and after a time, catatonia-like states in rats [11] . Opioids also inhibited the uptake of dopamine into striatal synaptosomes and caused in-vivo hyper-dopaminergic activity using the Ungerstedt model [11] Excess of dopaminergic activity is somehow related to psychoses. Peptides that dissociate from non-covalently bound proteins could easily explain the many serum factors found [42] . Peptide increase in urine is usually due to breakdown defects [55, 56] but reabsorption in kidney tubuli defects may also cause peptiduria.
The reported increased incidence of schizophrenia in immigrants from low gluten consumption countries to Europe [57] could be also explained by the increased intake of these food. Earlier manifestation of schizophrenia in boys than in girls may be linked to the greater intake of bread and milk by boys as teenagers [42] . Given that peptides and proteins like antibodies to gliadin apparently are damaging to brains [58] , and opioids have morphological effects on nerve tissue and development [59, 60] this makes sense. Antibodies to gliadin are reported to induce apoptosis in cerebellar Purkinje cells [58] .
IS THIS POSSIBLE OR PROBABLE
To be possible there must be physiological mechanisms that can explain how a gut to brain relationship may be possible and probable. Peptides with affinity to opioid receptors arise in the small intestine of man during protein digestion [61, 62] . Initially, Dohan, Reichelt and others could not see how peptides of dietary origin could enter the circulation in an intact bioactive form to support their hypothesis of dietary involvement, since the accepted dogma of protein digestion and absorption at that time was that free amino acids were the only product of protein digestion that could enter the circulation [63] . However it soon became recognised that this view was incorrect, and a strong body of evidence for intestinal absorption of peptides, and even of small amounts of intact proteins, was collected [64] and is now irrefutable.
Further, increased peptide absorption would be ex-pected if intestinal peptide digestion was impaired or if there was increased intestinal permeability, e.g. especially if the mucosa was inflamed. Increased intestinal permeability, now readily measurable by oral administration of "non-absorbable" test molecules which are recovered in urine, has been reported in sub-sets of schizophrenic and autistic patients [65] [66] [67] , though no studies yet have investigated any potential correlation with urinary peptide output. Some authors claiming that this increase is not statistically significant have neglected the fact that the patient results show a skewed distribution: inspection of scatter diagrams of the data clearly reveal outliers, a subset, with unusually high permeability. In autism increasing data show increased gut permeability [68] Release of inflammatory cytokines by milk and grains have been reported in autism [69] . Peptidase inhibition can cause increased peptide uptake [70, 71] , and peptidase inhibitors from food demonstrate this phenomenon [71] . The body is also able to take up intact proteins [64, 72] and if these are not broken down completely, peptides can accumulate. Furthermore proteins ingested by mothers can be recovered from their milk [73] ; more so if autoantibodies to the key peptidase di-peptidylpeptidase IV (DPP-IV) (CD26) [8] are formed. Botulinum toxin is a protease and biologically significant quantities are taken up and pass the blood brain barrier and further split SNAP-25 in the synaptosomes with a potentially fatal outcome [74] . Other enzymes have been demonstrated to be absorbed across the gut with retained activity [75] . Furthermore peptides (and possibly some proteins) can cross the blood brain barrier [76, 77] . An increase in the blood-brain barrier permeability has also been found in schizophrenia [78, 79] . Therefore the mechanisms to explain a diet-gut-to-brain relationship can be established.
PHYSIOLOGICAL EVIDENCE OF A GUT TO BRAIN RELATIONSHIP
Evidence for the plausibility of a gut-brain relationship is demonstrated by coeliac children, who show long lasting EEG changes on provocation with gliadin after having been on a gluten-free diet [80] . Also children with Attention Deficit (Hyperactivity) Disorder (ADHD) show magnetic EEG changes after exposing children to food to which they are "intolerant", although the mediators are unknown [81] In cases of inflammatory bowel disease exposure to foods cause widespread perivascular oedema mediated by unknown factors, in the white substance of the brain [82, 83] Results for autistic children are very similar in peptide pattern and also show 1-2 pH units higher level than controls as do schizophrenics. In autism gliadin and casein releases inflammatory cytokines in the stomach [68] and such cytokines increase transepithelial barrier transport [84] thus potentially reinforcing this view. It has also been established that persons with gastrointestinal disorders such as inflammatory bowel disease have an increased incidence of psychiatric disorders including depression [85] [86] [87] . Autopsy found signs of chronic inflammation [88] and a summary [89] of Buscaino's data from 82 autopsies on schizophrenics found enteritis in 88%, colitis in 92% and gastritis in 50%. Clinical data [36] found a highly significant increase in schizophrenia in cases with Irritable Bowel Syndrome (IBS) reinforcing a gut to brain connection in schizophrenia.
CONCLUSION
There is now considerable evidence that schizophrenia, at least in some patients, may be a combined genetic and dietary disorder. Further studies are urgently needed to extend the available data. Attention to this should provide a scientific basis for more aetiologically based treatment. Similar conclusions are likely to apply to somegroups diagnosed with an autism spectrum condition. It is essential to recognise that both these conditions almost certainly have multiple aetiologies so that patients fall into distinct sub-sets rather than a homogeneous population.
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